The management of extremity soft tissue sarcoma is constantly evolving, and, in recent decades, limb salvage has been the main goal. More commonly, this is being achieved with a combination of neo-adjuvant radiotherapy, followed by wide excision and soft tissue reconstruction in the form of vascularised soft tissue transfer. Although limb salvage is now readily achievable, the resultant functional disabilities following excision of major musculotendinous and neurovascular structures can be life changing. In recent years, there has been a move towards functional limb reconstruction in the form of free functioning muscle transfer. This paper reviews the advances in functional limb reconstruction in the setting of preoperative radiation and reports our experience in this challenging reconstructive field.
INTRODUCTION
Soft tissue sarcomas (STS) are a rare group of mesenchymal tumours commonly affecting the extremities. Historically, extremity STS patients were commonly treated by amputation, with rates of around 40%-50% [1] . However, in the 1980s, "limb-preserving surgery" became the mainstay of treatment after Rosenberg et al. [2] demonstrated equivalent five-year survival rates with a combination of wide excision and radiotherapy compared to amputation. Limb preserving surgery in combination with radiotherapy for high-risk extremity STS has been shown to yield superior local control over excision alone [3] [4] [5] . There remains a debate over the optimum timing of radiotherapy in the management of extremity STS. Preoperative radiotherapy is associated with better overall survival but higher wound complications compared to postoperative radiation [6] . The most important factor in obtaining local control is wide surgical excision margins [7] , which often involves the loss of major musculotendinous and neurovascular units in the extremities. These complex defects are further complicated by the issues of radiation related wound complications, which has led to the popularisation of free and pedicled flaps to reconstruct extremity STS defects. The main benefits of importing vascularised tissue in the form of free/pedicled flaps is to fill dead space, attain wound closure, protect important neurovascular structures, and improve wound healing [8, 9] . Despite these advances in reconstruction, a large proportion of patients will rely on splints and orthotics to aid activities of daily living, and the overall function remains poor.
More recently, there has been a paradigm shift in the goals of STS reconstruction, to a more innovative, functional approach, whereby the aim is to replace missing elements (e.g., skin, bone, tendon, muscle and neurovascular structures), restore functional muscle units and critical sensory pathways and provide soft tissue coverage in one procedure [10] [11] [12] [13] . The aim of this paper is to review current innovative techniques of functional limb reconstruction in the irradiated setting, and present our experience in this challenging field.
PERIPHERAL NERVE RECONSTRUCTION
Wide excision of composite tissue in sarcoma surgery may lead to segmental loss of critical sensory and motor nerves, with devastating functional loss. There are several techniques described for reconstructing nerve gaps, whereby direct epineural repair is not an option, including autologous nerve grafts, allografts and nerve conduits. The difficulty in the post radiation setting is the poor vascularity of the wound beds, leading to generally poor results with conventional techniques.
Although the results of functional recovery after nerve repair and nerve grafts had historically been attributed to irreversible muscle atrophy and the replacement of muscle with fat over time, research has demonstrated that this is not the sole factor responsible and progressive Schwann cells denervation, nerve ischaemia, intraneural fibrosis and chronic axotomy also play significant roles [14] . The vascularised nerve graft (VNG), described by Taylor and Ham [15] , involves the transfer of a donor nerve along with its vascular pedicle. Transfer of a vascularised nerve graft avoids the initial period of nerve ischaemia and reduces central necrosis and intraneural fibrosis seen particularly in medium-to large-sized non-vascularised grafts [16] . It is generally believed that VNGs perform better for longer gaps, larger diameter nerves and in the setting of poorly vascularised or scarred beds, however high-quality evidence is lacking. Improved nerve regeneration has been demonstrated with VNGs over standard nerve grafts in animal models in the setting of poorly vascularised beds [17, 18] . One of the suggested indications for the use of vascularised nerve grafts is the poorly vascularised and scarred bed, such as in the setting of prior radiotherapy, whereby success with standard nerve grafts is generally poor; however, there is not yet firm clinical evidence for this [19, 20] .
As a general rule, there is a 50% loss of axons at each nerve coaptation site. Therefore, with primary nerve repair, approximately 50% of the original axons will successfully regenerate across the repair. With nerve grafts, because of two coaptation sites, only around 25% of axons will regenerate successfully across the distant coaptation, and there may be additional axonal loss depending on the distance to the distal target, due to the effects of chronic axotomy and muscle fibrosis [16, 21] . For this reason, nerve transfers, requiring a single coaptation, are favoured over nerve grafts when possible, and nerves with higher axonal input are favoured, to maximise axonal regeneration distally. Nerve transfer involves the coaptation of an expendable healthy donor nerve to a denervated or cut nerve, with the aim of maximising functional recovery with faster reinnervation to distal targets [22] . Most commonly, this nerve transfer is used to restore motor function, but it can be used to restore critical sensory function. The advantages of nerve transfer over nerve grafts are well documented in the literature and are summarised in Table 1 .
The combination of peripheral nerve reconstruction, such as nerve graft or transfer, along with importing healthy vascularised tissue coverage in the form of free or pedicled tissue transfer is a useful technique to optimise the local environment for nerve regeneration. Nerve grafts and transfers play a significant role in extremity reconstruction and, depending on the defect characteristics (e.g., resection of major nerves and muscular units), can be employed in combination with newer microsurgical techniques that have developed in recent decades.
FUNCTIONING MUSCLE TRANSFER
Functioning muscle transfer (FMT) involves the transfer of a healthy donor muscle and its neurovascular pedicle to a new location to assume a new function. Free functioning muscle transfer (FFMT) involves restoring the circulation of the transferred muscle with microsurgical anastomosis to vessels at the recipient site along with coaptation of the motor nerve. Pedicled innervated flaps maintain their vascular supply but involve reorientation of the muscle and reinnervation from nerve transfer at the recipient site with a view to altering the function of that muscle. Within several months, the transferred muscle becomes reinnervated by the donor nerve, eventually begins to contract and ultimately gains independent function [23] . FMT has traditionally been limited to muscles with a single nerve for transfer (e.g., gracillis), because of the view that segmental nerve supply would be an obstacle to reinnervation. However, we have previously published a series of 11 functional quadriceps reconstructions using innervated rectus abdominis flaps, whereby 2-3 segmental nerves have been coaptated to cut femoral nerve branches at the recipient site. The overall functional results were excellent with over 50% achieving M5 power [as per the Medical Research Council (MRC) grading system] with a mean follow-up of 12 months and with minimal donor site complications [24] . The rectus abdominis has the added versatility of being used as a pedicled innervated flap for quadriceps reconstruction, and its segmental innervation does not preclude its use as a functional muscle transfer [25] .
The most reported FFMTs in the literature for STS extremity reconstruction are the gracillis [11, 12, 26] , latissimus dorsi (LD) [11, 25, 26] and rectus abdominis muscle [vertical (VRAM) or transverse (TRAM)] [24] , with the other less commonly transferred muscles being the innervated medial gastrocnemius muscle [27] and rectus femoris [ Figures 1-4 ]. FFMT can be performed in combination with nerve grafts and/or nerve transfer, especially when the resection involves loss of major nerves and muscle units. Nerve grafts, either standard or vascularised, are generally used with the aim of restoring critical sensory function, whereas nerve transfer is primarily used to restore motor function.
LONG DONOR NERVE HARVEST WITH FFMT
In general, following sarcoma resection, there are usually native nerves available for coaptation to the transferred muscle flap, which is advantageous as the length of nerve available with most flaps is short. A: large defect to left groin following excision of sarcoma, which included femoral nerve and iliopsoas and sartorius muscle resection, also demonstrating exposed femoral artery and vein; B: nerve grafts performed using cutaneous femoral nerve branches, from proximal stump to quadriceps branches; C: pedicled, innervated rectus femoris myocutaneous flap raised prior to inset to reconstruct hip flexors; D: adductor longus nerve transfer to vastus medialis oblique branch; E: final result after inset and closure; F: patient had full return of hip flexors and quadriceps function, and was able to run, climb and descend stairs at 18 months (see Videos 2 and 3)
However, there may be circumstances following more extensive resections where longer length is required to perform reinnervation. The senior author has successfully performed FFMT with long nerve harvest in both rectus abdominis and gracillis transfer. Free or pedicled rectus abdominis myocutaneous flaps can be raised with long dissection of over 10 cm of intercostal nerves [ Figure 5 ].
We have had excellent results with pedicled, innervated rectus abdominis flaps in quadriceps reconstruction, with evidence of motor function in the donor muscle within three months and MRC 5/5 return of power at seven months [24] . The most commonly used free functioning flap for both oncologic and trauma reconstruction is the gracillis flap. One of the limitations to its use is the relatively short neurovascular pedicle, usually allowing around 6-8 cm of length to be harvested. When longer lengths of donor nerve are required, long nerve gracillis flaps can be harvested through the obturator foramen, via a combined intra-abdominal approach, allowing up to 30 cm of donor nerve to be harvested with the muscle. Time to reinnervation is increased due to the longer distances for regeneration, but full function can be achieved successfully with these techniques. 
OUR EXPERIENCE
The senior author has been part of the local sarcoma multi-disciplinary team (MDT) for over 10 years, has been instrumental in advocating functional reconstruction for extremity STS in recent years and has pioneered numerous reconstructive techniques in this field.
Preoperative radiotherapy is the preferred method in our institution for the management of all extremity STS, because the sarcoma service feels the oncological outcomes are at least equivalent, and, functionally, these patients do better overall [25] . Preoperative radiotherapy is associated with better overall survival but higher wound complications compared to postoperative radiation, which we feel is overcome by the combination of wide resection and flap coverage with healthy vascularised tissue [6] . Preoperative radiotherapy allows the ability to give lower radiation doses due to improved limb perfusion and oxygenation [4, 28] , smaller radiotherapy targets [29] and therefore decreased late toxicity [6] compared to postoperative methods. Single stage orthoplastic surgery is performed six weeks following completion of radiotherapy, with the oncologic surgeons performing wide excision and immediate reconstruction performed by the plastic surgeons. Our unit's protocol and experience with preoperative radiotherapy have previously been reported in the literature [30] and the results are in keeping with the current literature, which demonstrates a significant increase in complications if flaps were performed beyond this six-week period [31] .
Over the past 10 years, the senior author has developed a systematic and regimented approach to STS extremity functional reconstruction with the aim of minimising errors and maximising ergonomics and improving functional outcomes. The general approach is as follows: after tumour excision by the resecting team, haemostasis is thoroughly performed and local anatomy is examined for recipient vessels and nerves. The defect is templated, taking into account the innervated muscle requirement, alongside the need for skin and dead space filling. The flap is not detached until the recipient vessels and nerves are ready for microsurgical anastomosis in order to minimise ischaemia time. The dichotomy of neurovascular pedicle length versus vessel calibre is addressed, prior to pedicle detachment. The flap is transferred to the defect and stretched to its original length in order to allow for the final inset and the lengths of the vessels and nerves matched to the recipients. The flap is then secured proximally to prevent avulsion. The nearest motor nerve, which has been tagged during the resection, is utilised for the neurorrhaphy. The recipient nerves are stimulated intraoperatively before division with a handheld nerve stimulator in order to confirm the presence of motor axons. Anastomosis is then performed on the veins, artery and finally the nerve. The limb is then positioned appropriately depending on the compartment being reconstructed, e.g., knee extended or flexed for quadriceps and hamstring, respectively, or hip extended for gluteal reconstruction, before, finally, the distal end of the flap is tensioned and secured distally taking care to avoid tension on the anastomosis. The flap is inset in layers over suction drains and covered with a waterproof dressing. Postoperatively, the involved limb is immobilised in a fixed articulated splint for six weeks. For lower limb reconstructions, the patient is confined to bed rest for six days and nursed appropriately depending of position of the flap, before being mobilised on crutches. The uninvolved joints are allowed to move freely postoperatively, encouraging locomotion to prevent stiffness, DVT and other postoperative complications. After this six-week period, patients are allowed to start active and passive range of motion under guidance from specialist physiotherapists. Strengthening exercises are commenced after 3-6 months for a minimum period of 12 months.
Between 2009 and 2019, the senior author has performed 68 functional reconstructions, for extremity STS resections following neoadjuvant radiotherapy, including 53 free (of which two were vascularised sural nerve grafts) and 11 pedicled flaps [ Table 2 ]. There were two patients who underwent non-vascularised nerve grafts and two who had nerve transfers alone. There were seven patients who underwent nonvascularised nerve grafts in combination with the flap coverage and four who had nerve transfers as well as flap coverage. Nerve grafts and transfers are generally used in combination with flap coverage when major nerves are sacrificed as part of the oncologic resection (as shown in Figures 1, 2 and 4 ). In this series, the most commonly resected nerves were the sciatic and femoral nerve, with one case of common peroneal nerve, one ulnar nerve and one posterior cord resection for malignant peripheral nerve sheath tumour.
The mean age of patient was 63 (in the range of 35-87 years). Ninety percent of the reconstructions were of the lower limb, most commonly the quadriceps, followed by the hamstring and gluteal compartments, and 10% were of the upper limb. There were three complete flap losses (4.4%) and one partial flap loss (1.5%) in the series. Reinnervation was seen in the transferred muscle as early as three months postoperatively, with a mean time of 12 months (follow up by the senior surgeon occurred at six weeks, and then 3, 6, 12 and 24 months, thus exact time points of reinnervation are estimates within these timeframes). The mean MRC grade achieved was 4/5, with over 50% (n = 32) achieving MRC 5/5 at latest follow up. Seven of the cases are too early in their follow-up to ascertain the level of functional recovery at the time of writing. With regards to nerve reconstruction, there are two patients with adequate follow-up who have recovered some protective sensation distally (one vascularised sural nerve graft and flexor carpi ulnaris (FCU) nerve branch transfer to triceps for a right posterior cord sarcoma and one sural to tibial nerve transfer following tibial nerve resection). The first patient has had an excellent result with M5/5 power of deltoid and triceps, and wrist and finger extension at 18 months (see Videos 5 and 6). A third patient who underwent vascularised sural nerve graft for common peroneal nerve (CPN) resection showed signs of sensory recovery five months postoperatively, and we await longer-term follow-up to assess final outcome.
The senior author's philosophy on functional limb reconstruction is: age is not a barrier to reconstruction (see Figure 1 ); the status of the joints proximal and distal to the defect are vital; aim to perform a single nerve coaptation either via nerve transfer or as part of an innervated free flap; and high axonal input is key to proximal nerve reconstruction.
DISCUSSION
Microsurgical reconstruction after soft tissue sarcoma excision has expanded the indications for limb salvage by allowing wider excision margins with the ability to adequately reconstruct the defect. However, limb salvage surgery with oncological resection of extremity STS often leads to a significant detrimental effect on mobility and the ability to perform activities of daily living, which has been shown to reduce patient's quality of life [32] . Functional reconstruction of extremities following STS excision with FFMT can provide the dual functions of active muscle contraction and soft tissue coverage in one operation.
The concept of limb salvage surgery has evolved from just anatomical preservation of the limb to preservation with restoration of function and aesthetics. Despite this paradigm shift in recent years, functional reconstruction following extremity sarcoma resection is still relatively uncommon. A recently published review reported just 134 cases of functional sarcoma reconstruction of the limbs in the literature, of which only 55 were FFMT and 17 were nerve reconstructions, with the remainder comprising tendon transfers [23] . Nelson et al. [33] investigated the difference between functional reconstruction of the extremities following STS resection and soft tissue coverage alone. The study demonstrated that, although there was an increased cost and slightly extended surgical time associated with functional reconstruction, the postoperative functional outcome was better, and they concluded that this justified its use.
Although the effect of neo-adjuvant therapy on functional reconstruction has not been investigated, numerous studies have demonstrated that preoperative radiotherapy does not increase complications when flaps are used for reconstruction [34] [35] [36] . In addition, there appears to be no difference in outcomes and complication rates with muscle flaps compared to fasciocutaneous flaps when used in the post radiotherapy setting [31] .
One area which continues to be a topic for debate is the reconstruction of major nerve defects, particularly of the sciatic nerve. The senior author has utilised different techniques for reconstructing major nerve gaps, including cable nerve grafts and vascularised sural nerve grafts. Our results are in keeping with those in the literature, which show mixed sensory outcomes. Tokumoto et al. [37] reported three cases of vascularised sural nerve grafts for sciatic nerve reconstruction, whereby they aimed to selectively reconstructed sensation to the plantar surface of the foot. They demonstrated some sensory recovery to the sole in two patients; however, limited protective sensation was achieved. They stated poor results in the setting of postoperative radiation therapy, although this was only the case in one patient [37] . Melendez et al. [38] reported five sciatic nerve reconstructions with cable sural nerve grafts. They demonstrated the return of partial distal sensory recovery in three patients and some protective sensation in the other two, with a mean follow up of one year [38] . From our experience and that of the limited reports in the literature, although the chances of marked sensory recovery are slight, the amount of reinnervation is such that attempts at nerve reconstruction are justified.
In the opinion of the senior author, the difference between raising an innervated free flap as opposed to a non-innervated free flap is small, especially in the case of the latissimus dorsi and gracillis flap, where the nerves lie in close proximity to the vascular pedicle. Although dissecting out recipient nerves and appropriately securing and tensioning the musculotendinous components are critical in achieving a good outcome, this is not hugely time-consuming and can be learned quickly.
As Martin et al. [23] concluded in their review paper, there is a significant lack of high-level evidence regarding the use of functional reconstruction in extremity sarcoma. We describe here the senior author's experience in this challenging and innovative field, and demonstrate how excellent functional outcomes can be achieved with a systematic and logical approach. However, large well-designed studies are required to clarify the differences in functional and non-functional reconstruction in terms of cost, donor morbidity and functional outcomes to cement its role in sarcoma surgery.
CONCLUSIONS
Limb sparing surgery following neo-adjuvant radiation has become the preferred treatment for extremity STS. However, adequate tumour resection can compromise critical limb function. Functional reconstruction in extremity sarcoma is a relatively new concept, with limited experience published in the literature. The use of advanced microsurgical techniques such as nerve transfer and FFMT provides the reconstructive surgeon with a way of not only salvaging limbs, but restoring function following loss of critical motor and sensory structures in upper and lower extremity sarcoma resection. We feel that the functional benefits outweigh the slightly increased cost and operative time of soft tissue only reconstruction and should be considered in patients undergoing extremity sarcoma resection following radiotherapy.
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